Introduction
The isolation of an anti-progesterone monoclonal antibody that blocks pregnancy at an early stage provides an ideal opportunity to examine the ways by which progesterone acts on the female reproductive tract during the earliest stages of gestation. The use of an immunological rather than a surgical approach has demonstrated that passive immunization at 32 h after mating prevents the establishment of pregnancy in BALB/c mice whether the antibody is given by a single intravenous (i.v.) or intraperitoneal (i.p.) injection (Wright et al., 1982) . The effect can be reserved by the administration of exogenous progesterone (Rider et ai, 1985) . After antibody treatment mitotic activity in the uterine luminal and glandular epithelium at Day 3 post coitum (p.c.) is increased, whereas in uterine stromal cells at Days 4 and 5 p.c. it is significantly suppressed compared with that found in untreated animals. When endometrial sensitivity to a deciduogenic stimulus is deter¬ mined by the intraluminal injection of oil at Day 4, antibody treatment at 32 h p.c. clearly inhibits the increase in sensitivity normally associated with the onset of implantation (Rider et al., 1985 . These (Wang et al., 1984) . This suggests that the rate of cleavage in vivo is influenced by the availability of progesterone in circulation. Secondly, whereas a single dose of antibody blocks the establishment of pregnancy when injected at 32 h in BALB/c and CBA mice as described above, it is less effective in Fl hybrid stock (CBA male BALB/c female); there is only a transient disruption of the pattern of mitotic events associated with the onset of implantation, and implantation and subsequent embryo development appear to proceed normally . These findings imply that the sensitivity of these processes to passive immuniz¬ ation is influenced by genotype, and the present study has been designed to test this hypothesis further and to determine whether the antibody has a direct effect on embryo development.
Materials and Methods
Animals. Four (Bronson et al., 1966) .
Monoclonal antibody. Ascites fluid containing anti-progesterone monoclonal antibody (DB3) was produced and characterized as immunoglobulin G (IgGl) as described previously (Wright et al., 1982) . The ascites fluid was pooled and its IgG concentration (380 nmol/ml) was measured in a Beckman Model E analytical ultracentrifuge equipped with Schlieren optics by comparison with a known concentration of IgG. Progesterone binding was tested by a radioligand binding assay (Wright et al., 1982) and aliquants of undiluted ascites fluid were stored at -60°C.
IgG was isolated from pooled DB3 ascites fluid by precipitation with saturated sodium sulphate (18%) followed by DEAE-cellulose ion-exchange chromatography (elution gradient 0-01-0-1 M-phosphate, pH 80). the IgG concentration (80 nmol/ml) was measured by absorbance at 280 nm assuming a IJj; 13-5. Progesterone binding by the purified IgG was tested after serial dilution ( 1:2000 to 1:16 000) in 005 mol sodium phosphate buffer/1, pH 7-4, using a radioligand assay (Wright et al., 1982 (Wang et al., 1984; Heap et al., 1984) . Control females were given an equivalent volume (250 µ ) of 0-9% (w/v) NaCl since the results were identical to those obtained with a control ascites fluid from a mouse myeloma (MOPC 1748). Autopsies were carried out between 10:00 and 14:00 h and blood samples were taken under ether anaesthesia by cardiac puncture and the number of corpora lutea were counted. In mice examined at Days 2, 3 and 4 the oviducts and uterine horns were flushed with phosphate-buffered saline (PBS) pH 7-4 to recover embryos, whereas other animals were studied at Days 9 or 10 to record the number of normal implantation sites. The stage of cleavage was determined; embryos that had started to cavitate were scored as blastocysts. Some embryos were air-dried (Tarkowski; 1966) and stained with Giemsa to confirm the classification of embryonic stages.
Embryo culture. To determine whether antibody has a direct effect on embryo development, female BALB/c mice were superovulated by i.p. injections of 5 i.u. PMSG (Intervet, Cambridge, U.K.), followed 48 h later by 5 i.u. hCG (Intervet). After hCG injection, females were placed with BALB/c males and checked the next morning for the presence of a vaginal plug (Day 1). Two-cell stage embryos were flushed from the oviducts 42-44 h after hCG treat¬ ment and placed in an embryo culture medium, (Brinster, 1970) . Bovine serum albumin (60-4 nmol/ml) and purified DB3 IgG (0-7-3 nmol/ml) were added to the medium on the day of culture. The highest concentration of IgG used was~7-fold greater than the minimum effective dose of antibody required to block pregnancy in BALB/c mice . A minimum of 10 embryos were placed in 50 µ droplets of medium in 35 10 mm Nunclon culture dishes (Nunc, Kamstrup, Denmark) under paraffin oil. Cultures were incubated at 37-5°C in 5% C02 in humidified air and embryonic development was assessed by light microscopy after 24 and 54 h of culture (68 and 98 h after hCG treatment). Some embryos were air-dried (Tarkowski, 1966) and stained with Giemsa at the end of culture to confirm the classification of the stage of embryonic development.
To test whether antibody in combination with progesterone affected development, progesterone was added to cultures containing 7-3 nmol IgG/ml. Previous analysis of the binding characteristics of DB3 ascites fluid (Scatchard, 1949) (Rider et al., 1985) . One group of mice treated with monoclonal antibody received daily subcutaneous injections of steroids (6-4 µ progesterone, 73 pmol oestradiol) beginning at the time of the intraluminal oil injection to ensure that the failure of a uterus to undergo a decidual cell reaction was not due to inadequate hormonal support after stimulation. The uterine horns were removed and weighed 72 h after intraluminal oil injection.
Radioimmunoassay. Plasma progesterone concentrations were measured by radioimmunoassay using the tech¬ nique described by . The sensitivity of the assay was 0-09 + 0-2 pmol/assay tube (calculated from 2 s.d. below the value at zero concentration). The intra-and inter-assay coefficients of variation were 18-2 and 12-8%, respectively. Adding 318pmol/ml and 6-37pmol/ml progesterone to 10ml plasma from male mice gave values of 307 + 0-2 and 6-27 + 0-5 pmol/ml, respectively (6 observations).
Statistical analysis. The experimental results are given as means + s.e.m. Mean differences between groups were considered to be statistically significant if an appropriate test gave a value of <005. Differences in the number of pregnant mice for antibody and saline-control treatments were compared using Bayesian methods between proportions (Walters. 1986 ). Mean differences between groups were tested by Student's t test.
With regard to the effect of antibody treatment on tubai transport, the proportion of embryos in the oviduct was very often near the extremes of the permissible range (0 to 1), so that a rigorous analysis was inevitably rather difficult, and two separate investigations were carried out. The proportions were first transformed onto the logistic scale and subjected to an analysis of variance, with 'time' and 'treatment' as the factors for each 'stock'. The purpose of the transformation was to render the observed variables (proportions) more amenable to the analysis of variance technique (see Cox, 1970) . The second analysis consisted of comparing the average values of the proportions for the various groups of animals, using the method described by Walters (1986) . Essentially, 95% confidence limits are calculated for the relevant differences, and inferences then based on whether the limits do, or do not, embrace zero.
Results

Pregnancy blocking effect
Injections of 8 to 10 nmol anti-progesterone monoclonal antibody at 32 h p.c. blocked preg¬ nancy when autopsies were performed at Day 10 p.c. in BALB/c (0 pregnant of 5 treated females) and CBA (0/6) stock, in contrast to results in control females (BALB/c 7/10; CBA, 14/14). Pregnancy rates in Fi hybrid or outbred stocks were less affected by antibody treatment (Fl hybrid, 4/5; Tuck's no. 1, 5/7), the results being similar (P>005) to those in control mice (Fl hybrid, 4/5; Tuck's no. 1, 5/6).
Tubai transport
The question to consider is whether the difference in response between inbred and crossbred stock was due to altered tubai transport of embryos after antibody administration. At Day 3 (9) 4 (9) 4 (8) 12-6 ± 0-9dc 11-2 ± 0-9br 12-7 ± 0-58-h 13-6 + 0-7ij 107(11-9) 97(10-7) 91(11-4) 117 (13-0) 107 (100) 76 (78) 0 (0) Table 1 ). The average number of corpora lutea per female was higher in crossbred than in inbred mice (P < 0-02; Table 1 ).
Classification of development in different stocks
Since the difference in response of inbred and crossbred stocks to antibody treatment could not be explained solely in terms of altered tubai transport, further studies were carried out on differ¬ ences in the rate of embryo development (Fig. 1) 17 (14) 14 (14) 10 (9) 18 (16) 19 (17) 18 (22) 19 (23) 16 (19) 106 (86) 86 (86) 96 (91) 98 (84) 95 (83) 64 (78) 9-3 + 2-9 9-3 + 2-4 10-6 ± 40 9-3 ± 0-2 (1) 250-7 ± 117-3 (5) [4] [5] [6] [7] (1) Animals were given a single intraperitoneal injection of ascites fluid containing 9-5 nmol immunoglobulin G (anti¬ body) or an equal volume (250 µ ) of 0-9% (w/v) NaCl (saline). Autopsies were carried out at Day 9 after mating. Progesterone concentrations in plasma were determined by radioimmunoassay and are means + s.e.m. Numbers in parentheses represent no. of animals. Difference between treated and control animals is significant at *P < 005 and **P < 001 (Bayesian method for comparison of two proportions, Walters, 1986 (Table 5 ).
Time of injection
In view of the more rapid rate of development seen in the crossbred stocks, we designed an experiment to test whether antibody would block pregnancy in F, hybrid mice if injected on the morning when the copulatory plug was detected. The hypothesis was that, if the antibody is most effective at a critical stage of early development, the faster rate of cleavage in crossbred stock may have precluded any effect of passive immunization at 32 h p.c. A single injection of antibody was therefore given at 10:00 h on Day 1 (estimated to be 8 h after mating). This treatment blocked pregnancy in 5 of 6 F1 hybrid and 6 of 6 BALB/c females (Table 3 ). In the one Ft hybrid female that remained pregnant the number and macroscopic appearance of implantation sites was normal. Plasmai progesterone concentrations in antibody-treated females (non-pregnant) were 2-to 3-fold greater than those of controls, and in the single F1 female that remained pregnant they were 10-fold higher than normal (Table 3) .
In Fl hybrid mice the pregnancy block was not associated with developmental arrest. At Day 2 the majority of embryos were at the 2-cell stage (49%) in the antibody group compared "with the 4-cell stage (53%) in the control group, but by Days 3 and 4 the rate of development was indis¬ tinguishable between the two groups ( Fig. 1 ), confirming the more rapid rate of development in the crossbred compared with the inbred stocks.
Endometrial sensitivity
To throw further light on the mechanism by which pregnancy is blocked in F\ hybrid mice by antibody treatment at 8 h after mating, we tested endometrial sensitivity in these animals (Table 5) . After passive immunization the endometrium was insensitive to a deciduogenic stimulus at the expected time (Day 5) since there was no increase in the weight of the uterine horn which received an intraluminal injection of oil. In control mice there was an increase of about 10-fold in the weight of the injected horn. The failure of the endometrium to respond to a deciduogenic stimulus in Fj mice was not due to a deficiency of ovarian steroids after stimulation since exogenous progesterone and oestradiol treatment did not increase uterine weight (Table 5) . Thus, the endometrium was refractory at the time of intraluminal oil injection (Day 4 p.c.).
Discussion
The present findings show that there are two events during the establishment of pregnancy in the mouse that are susceptible to passive immunization against progesterone, namely, preimplantation embryo development at about the 4-cell stage and the increase in endometrial sensitivity associated with the onset of implantation at Day 4 p.c. The effect during the early stages of cleavage seems to be an indirect rather than a direct one since we could find no evidence for arrest when BALB/c embryos were cultured in the presence of antibody. The highest concentration of antibody used was 7-3 nmol/ml compared with an intraperitoneal injection of 9-5 nmol, so that embryos were prob¬ ably exposed to a concentration in vitro which was at least as high as that in vivo. When antibodybinding sites were occupied by progesterone there was also no effect on blastocyst development so that retardation of development in vivo was not due to an effect of antibody and its associated progesterone, or to progesterone itself. Babinet et al. (1977) (Brinster, 1965) . Pyruvate and lactate concentrations in the oviduct are known to fluctuate during the oestrous cycle in response to hormone changes (Nieder & Corder, 1982) , so that disruption of the normal pattern of circulating progesterone concentration by passive immunization may result in a deleterious substrate deficiency. The presence of inhibitory compounds in the oviduct must also be considered since oestradiol stimulates the rabbit oviduct to produce a low molecular weight inhibitor of embryo development (Mr < 10 000; Stone et al., 1977) , and a family of sulphated glycoproteins whose function remains uncertain (Oliphant et al., 1984a, b) . Antibody administration prolongs oestrogen-like effects in BALB/c mice as reflected by the pattern of mitotic activity in the glandular and luminal epithelia of the endometrium (Rider et al., 1985) though plasma concentrations of oestradiol-17ß at Day 4 p.c. are normal (V. Rider, unpublished observations). Passive immunization may extend, therefore, the time when the repro¬ ductive tract is exposed to oestrogen action, particularly if a substantial proportion of progesterone in circulation is bound by antibody and unable to interact with target cell receptors.
The present study further confirms that these effects of passive immunization in blocking the establishment of pregnancy are influenced by genotype. Antibody injected at 32 h p.c. was most effective in two inbred, and much less so in two crossbred stocks of mice using a dosage of 9-5-10-9 nmol. The effect of genotype on antibody efficacy was not due solely to differences in the rate of tubai transport since although the rate was slightly accelerated in BALB/c stock, this did not occur in CBA mice, a stock in which the antibody was almost as effective as in BALB/c females (Wange/ al., 1984 (Shire & Whitten, 1980a, b; Niwa et ai, 1980) , and that a gene associated with the major histocompatibility complex (H-2 preimplantation embryo development gene) influences not only the time of first cleavage but also the rate of preimplantation embryo development Warner et ai, 1984) . According to our findings, anti-progesterone monoclonal antibody given at 32 h p.c. retards the rate of preimplantation embryo development at about the 4-cell stage in inbred stocks, as in ferrets . The arrest of development is more conspicuous in inbred than in crossbred mice, and the number of embryos that develop normally is greatly reduced unless exogenous progesterone is given within 48 h of antibody treatment (Rider et al., 1985) . In contrast, a normal number of blastocysts is found in crossbred mice at Day 4 after antibody treatment at 32 h p.c.
The time of antibody administration (at 32 h p.c.) coincides with a critical stage in early embryo development in the mouse. Previous studies of cell cycle kinetics have demonstrated that the length of the G2 + M phase of the first and second cell cycles is much longer than that of the third (4-cell) or fourth (8-cell). The characteristics of the 3rd and 4th cycles are intermediate between those of the maternally regulated first and second cell cycles and those of differentiated cells (Sawicki et al., 1978; Smith & Johnson, 1986) . Values for the G2 + M phase of the first and second cell cycles differ between various stocks (Molls et al., 1983) , suggesting that the contrasting responses seen in the present study may be related to the relative duration of certain phases during the first two cell cycles. However, when antibody was given at 8 h p.c. it blocked the establishment of pregnancy in F, hybrid females, but the effect involved suppression of endometrial sensitivity rather than retardation of cleavage. These results show that an earlier exposure to antibody is required in F, hybrid than in inbred stocks in order to disrupt the hormonal sequence which predisposes the endometrium to blastocyst implantation (Finn & Martin, 1967) , and that cleavage is relatively insensitive to the effects of passive immunization in Ft hybrid females. Antibody treatment on the morning after mating was therefore necessary to achieve an antifertility effect in F! hybrid mice.
In conclusion, the findings of the present study show that passive immunization against progesterone blocks pregnancy by an arrest of early embryo development through an indirect mechanism, and by a decrease in endometrial sensitivity to a deciduogenic stimulus, but that both these effects are modified by genotype by mechanisms that remain to be elucidated.
